STEM mode (30 keV) at beam currents of = 0.05 − 1.2 nA, beam radius ~ 0.5 − 1.5 nm, and raster area of ~ 1 μm . The bubble formed after nearly an hour of observing nanoparticle growth. Prior to bubble formation, the sample was moved around frequently to image various parts of the window for tens of seconds to a few minutes at any location.
Supplementary Video 3 features another large bubble in the same device that produced Supplementary Video 2. After forming the bubble in Supplementary Video 2, the device remained sealed for several days. On further imaging, the bubble was absent, presumably redissolved, but after about 1 minute of imaging, another large bubble appeared and grew at a rate dependent on the beam current. The slowdown in growth is visible as the bubble occupied more of the membrane window.
Estimates of Beam-Induced Heating
Here we show that beam-induced temperature rise is insignificant under typical (S)TEM imaging conditions. Our approach allows us to consider a wider range of operating conditions (i.e., the beam energy, current, and geometry) than previous analysis, S1 and is also more precise in calculating the energy transfer per incident electron.
We use the ESTAR database for electron stopping power ( ) available from NIST. S2 When tabulated values are not available, the Bethe formula can be used to estimate the stopping power. S3 Over the range of incident energies relevant to electron microscopy, stopping power decreases with increasing electron energy. For a particular incident electron, we take S to be a constant throughout the interaction. This assumption is valid when the sample thickness does not exceed a few times the electron mean free path , allowing us to approximate the incident electron path length by the liquid height. This condition is reasonable for most typical liquid cells, for which liq # 1 μm while the mean free path of 30keV -300keV electrons in water 10s to 100s of nm. S4 Note that if liq ≫ , most of the energy will be absorbed by the medium and one would employ, with moderate accuracy, the continuous slowing down approximation (CSDA). S3 The membranes are also thin (i.e., the path length through each membrane ~ SiN ).
The volumetric rate of energy deposited in the sample through inelastic collisions (in W m 3 ⁄ )
is:
where S is the density-normalized stopping power /MeV cm 2 g electron ⁄ 5, + is the density
is the current /C s ⁄ 5, is the radius of the beam /m5, and 10 , /cm electron J m MeV C ⁄ 5 accounts for unit conversions.
Supplementary Figure 1.
Top view of the imaging window depicting the square silicon nitride membrane window (27 100 μm). The beam (red disk) radius is . The outer boundary of the computational domain (dashed green circle with diameter 28) has the same area as the actual window. The bulk Si material surrounding the window region is shown in gray.
The intersection of the beam with the imaged medium forms a cylindrical volume with radius that is subject to uniform heat generation * (equation (S 1)). We consider the case when the beam is located at the center of the window (Supplementary Figure 1) as this will result in the maximum temperature increase. Even for a large temperature rise (e.g., 100 ℃), heat transfer in the system is dominated by conduction and we can neglect radiation. Furthermore, we assume that the surfaces in contact with the vacuum environment of the microscope are insulating and that there are no significant temperature variations in the vertical direction. For simplicity, we model the heat transfer as a one-dimensional cylindrical problem and approximate the window geometry (edge length of 27) with a disk of diameter of 28 that has the same area as the actual window (i.e., 8 = 2 7 √-⁄ ). The silicon body of the liquid cell acts as an effective heat sink due to the high thermal conductivity of the silicon, its relatively large size compared to that of the window region, and its contact with the sample holder. Thus, we assume that the silicon body is at the ambient temperature (; < at = = 8) at all times.
We solve the dimensionless heat equation:
We adopt the convention that quantities with a wiggle are dimensionless while plain letters represent dimensional quantities. In the above, length is normalized by the beam radius and time is normalized by the diffusive time E th ⁄ , where E th is the thermal diffusivity.
Temperature rise (; − ; < ) in ℃ is normalized by * 10 
The maximum temperature rise (in dimensional form) is at the center of the beam: 
Water radiolysis by electrons and other high energy species
The chain of events induced by any ionizing radiation is generally the same regardless of the nature of the radiation, i.e., visible light, UV light, X-rays, γ-rays, neutrons, α-particles (helium), electrons, and positrons. S3 Molecules are excited and ionized by the radiation and the resulting radicals, ions, molecular species, and freed electrons react chemically to yield byproducts.
A complex chain of events takes place during radiolysis. Immediately after the moment of energy transfer, a cluster of byproducts is formed in an entity called a spur. Spurs are spaced, on average, by the electrons' mean free path. S3 The amount of each species (the yield) produced (+) or destroyed (−) per 100 eV absorption from ionizing radiation is quantified empirically through the f-value (Supplementary Table 1 ). The short-time yield, denoted g(h) or f < (h) and referred to as the primary yield or initial yield, describes the species that are produced within the spur immediately after the energy transfer event. Kinetics at short times (< 1 μs) can be described by a few reactions, as employed in spur models. After the spur dies out, surviving byproducts diffuse freely and continue to react further. The long-time yield, denoted f(h) or f esc (h) and referred to as the homogeneous yield, steady-state yield, escape yield, or observed yield, describes the species that made it out of the spur and exist 1 μs after the energy transfer event, at which point the spur has relaxed (achieved locally uniform concentration). The long-time kinetics (> 1 μs) require all reaction pathways to be considered, resulting in kinetic models with upwards of ~80 reactions for neat water, S8 and more when additional species are present.
f(h) and g(h) can differ. For example, in methanol radiolysis, H 2 is produced in the spur directly, but it is also produced indirectly by the reaction H + CH 3 OH → H 2 + CH 2 OH. So the observed yield of H 2 comes from two sources, f(H 2 ) ∝ g(H 2 ) + g(H5. By performing experiments in the presence of different scavengers, the various f/h5 and g/h5 values can be teased apart. S3 When forming a diffusion-kinetic model of a system beyond a single spur, f/h5 is used to describe the production rate of species h. To assess the impact of scavenger solutes on f(h), one needs to solve the diffusion-reaction equations in the spur using the primary yield g(h) and account for reactions with the solute species. 
Non-linear dose rate effects in STEM and TEM
Typically, the reported escape yield f(h) for low-LET radiation assumes that the spurs are spaced out and do not interact. But as the dose-rate increases, more electrons pass through the sample and the number of energy transfer events increases, potentially leading to spur overlap.
Spur overlap increases the likelihood that radicals will interact to yield molecular species, which for neat water include H 2 , H 2 O 2 , and recombined H 2 O. S8 The effect of spur overlap can be inferred from intermediate and high-LET (linear energy transfer) systems in which the mean free path is short and energy loss occurs along a continuous track. For example, in neat water, f(H 2 5 0.45 for low-LET γ-rays (non-interacting spurs) while f/H 2 5 1.2 for high-LET α-particles (tracks).
S8
Spurs form along the electron path like beads on a string. Spurs are, on average, spaced out by the mean free path (Supplementary Figure 3) . The concentrations of the radiolysis byproducts formed by the energy transfer event have a Gaussian spatial distribution with variance q spur .
The spur is approximated as a spherical volume with radius = spur q spur √2 ⁄ . S11 On average, the number of spurs produced by an electron moving through a medium in time A is given by
where liq is the sample thickness, is the electron mean free path, is the beam current (in We expect spurs to overlap when the distance between spurs is smaller than approximately 5 q spur (based on the Gaussian profile). q spur depends on the species under consideration. The smallest q spur value for most species in water radiolysis is q spur~1 .2 nm. 
Reaction-Diffusion Model & Finite Element Modeling for H H H H 2 2 2 2
For the production rate of H 2 , we fit the dose-rate-dependent H 2 data of Joseph et al. S12 for γ-radiolysis at 2.5 Gy s ⁄ of deaerated water at pH 6; see main text. The result predicts that steadystate is approached asymptotically. To estimate the time needed to establish steady state in a uniformly irradiated sample, we arbitrarily define the system to be at steady-state when J H 2 = 0.99 J steady-H 2 . For a uniformly irradiated sample, a dose-rate corresponding to 300 keV electrons, beam current = 10 nA, and beam radius = 500 nm reaches steady-state in ~ 0.01 s; and a dose-rate corresponding to 300 keV electrons, beam current = 0.1 nA, and beam radius = 2 μm reaches steady-state in ~ 0.6 s. In liquid cells where the fluid of interest is encapsulated and uniformly irradiated (e.g., encapsulation with graphene membranes S13 ), the steady-state will indeed be reached very quickly. In most liquid cell experiments, however, the sample is irradiated only over a small beam area. It will therefore take longer to reach steadystate in the liquid cell experiment because diffusion removes radiolysis byproducts from the irradiated volume.
To model the effect of diffusion on the concentration of species X, we solved the dimensionless reaction-diffusion equation using finite elements with the reaction rate • X from equation (4) Equation (S 9) was solved for the actual geometry of our liquid cell assuming impermeable boundary conditions around the computational domain (Figure 3a) . To estimate the accumulation of H 2 in a pristine liquid cell, the results of which are depicted in Figure 3b and c, an initial uniform concentration of zero was imposed. The system still approaches steady state in a few seconds, relatively fast compared to the timescale of an experiment.
